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1. [X] This express request to Immediately begin national examination 

procedures (35 U.S.C. 371(0). 

2. [X] The U.S. National Fee (35 U.S.C. 371(c)(1)) and other fees as 

follows (37 CFR 1.492): 



2. Fees (Calculated based on enclosed Preliminary Amendment) 



CLAIMS FEE 


(l)FOR 


{2} NUMBER FILED 


(3) NUMBER EXTRA 


(4) RATE 


(5) CALCULATIONS 




total claims 


14 


0 


X $18.00 


$-0- 




independent claims 


4 


1 


X $84.00 


$84.00 


BASIC FEE 


IX] U.S. WAS NOT INTERNATIONAL PRELIMINARY EXAMINATION AUTHORITY 

V\^ere no international preliminary examination fee as set forth in § 1 .482 has i 
paid to the U.S. PTO, and payment of an international search fee as set forth In 
1 .445(aK2) to the U.S. PTO: 

[XI hss not been paid (37 CFR 1 .492{aX3)) $1 .040.00 


>een 
§ 

$1,040.00 




Total of above calculations 


$1,124.00 


SMALL ENTITY 


Reduction by ^2 for filing by small entity. If applicable. Affidavit must be filed also, (note 
1^,1.27,1.28) 


?7 CFR 




Subtotal 


$1,124.00 




Total National Fee 


$1,124.00 


TOTAL 


Total Fees enclosed 


$1,124.00 



[X] A check In the amount of $1,124.00 to cover the above fees is 
enclosed. 



3. A copy of the International application as filed [35 U.S.C. 371(c)(2)] is 
not transmitted herewith. 

4. No Amendments to the claims of the International application under 
PCT Article 19 [35 U.S.C. 371(c)(3)] are transmitted herewith. 

5. A copy of the International preliminary ^mlnation report 
(PCr/IPEA/416) is transmitted herewith. 

6. An oath or declaration of the inventors [35 U.S.C. 371(c)(4)] complying 
with 35 U.S.C. 115 Is submitted herewith and such Declaration and 
Power of Attorney Is attached to the application. 



7. 



An International Search Report (PCT/ISA/210) or Declaration under 
PCT Article 17(2)(a) is transmitted herewith. 
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8. Additionai documents: 



a. 


DG 

1. J 
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[X] Specification, claims and drawings 


b. 


[X] 


Preliminar/ Amendment 


c. 


[X] 


per Notification of Transmittal of International 






Preliminary Examination Report 


d. 


[X] 


Receipt postcard. 



9. The above chedced items are being transmitted before 30 months from 
any claimed priority date. 

10. The Commissioner is authorized to charge any additional filing fees 
which may be required by this paper and during the pendency of this 
application to Deposit Account No. 16-1331. 

[X] 37 C.F.R. 1.492(a)(1), (2), (3), and (4) (filing fees). 

The Commissioner is hereby authorized to charge any fee deficiency or credit 
any overpayment to Deposit Account No. 16-1331. 

A duplicate of this paper is attached. 
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Dear Sir: 
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In the aaims; 

Cancel claims 1-30. 

Add new claims 31-44 as follows: 

31. A reconfigurabte optical routing device comprising an integrated multiphase 
spatial light modulator for spatial phase modulation of unpolarlzed light of a 
predetermined wavelength, the integrated spatial light modulator having a 
substantially planar liquid crystal layer, a layer reflective of said light of said 
wavelength and a wave-plate layer, the wave-plate layer providing an optical 
retardance of (2n+l)A/4, said liquid crystal layer having two opposed faces and 
being disposed and configured to provide an out of plane tilt in response to a 
voltage applied between said faces, and said liquid crystal layer being spaced from 
the reflective layer by the said wave-plate layer, wherein the integrated spatial light 
modulator comprises an integrated array of phase modulating elements and voltage 
application circuitry, the voltage application circuitry for applying desired voltages 
across the liquid crystal layer whereby the liquid crystal layer has desired values of 
out of plane tilt; wherein the integrated multiphase spatial light modulator comprises 
an array of electrodes, each of the eledrodes being associated with a respective 
portion of the liquid crystal layer to define a said phase modulating element, the 
electrodes being such that application of voltage to each electrode causes the 
portion of the liquid crystal layer associated with the said electrode to have a specific 
value of said out-of-plane tilt; and: 

wherein the voltage application circuitry is adapted to apply voltages to said array of 
electrodes for varying a deflection angle of light incident upon said an^y of phase 
modulating elements. 

32. The reconfigurabte optical routing device of Claim 31, wherein said liquid 
crystal layer is a nematic liquid crystal layer. 

33. The reconfigurabte optical routing device of Claim 31, wherein said liquid 
cry^l layer is a pi-cell. 

34. A reconfigurable optical routing device comprising a first and a second 
integrated multiphase spatial light modulator for spatial phase modulation of 
unpolarlzed light of a predetermined wavelength, the integrated spatial light 
modulators having a substantially planar liquid crystal layer, a layer reflective of said 
light of said wavelength and a wave-plate layer, the wave-plate layer providing an 



optical retardance of (2n+l)A/4, said liquid crystBi layer having two opposed faces 
and i^eing disposed and configured to provide an out of plane tilt in response to a 
voltage applied between said faces, and said liquid crystal layer being spaced from 
the reflective layer by the said wave-plate layer, wherein the integrated spatial light 
modulators comprise an integrated array of phase modulating elements and voltage 
application circuitry, the voltage application circuitry for applying desired voltages 
across the liquid crystal layer whereby the liquid crystal layer has desired values of 
out of plane tilt; wherein the integrated multiphase spatial light modulators comprise 
an array of electrodes, each of the electrodes being associated with a respective 
portion of the liquid crystal layer to define a said phase modulating element, the 
electrodes being such that application of voltage to each electrode causes the 
portion of the liquid crystal layer associated with the said electrode to have a specific 
value of said out-of-plane tilt; and: 

wherein the voltage application circuitry is adapted to apply voltages to said array of 
electrodes for varying a deflection angle of light and the second integrated spatial 
light modulator is disposed with respect to the first integrated spatial light modulator 
for receiving light fiiom said first integrated spatial light modulator thereby to route 
said light. 

35. The reconflgurable optical routing devnce of Claim 34, having a first array of 
optical fibers forming light sources directed to be off-nomially incident on the first 
integrated spatial light modulator and a second an^y of optical fibers forming light 
receivers directed to be off-normally incident on the second integrated spatial light 
modulator for receiving light from the second integrated spatial light modulator. 

36. The reconflgurable optical routing device of Claim 34, wherein said liquid 
crystal layer is a nematic liquid crystal layer. 

37. The reconflgurable optical routing device of Claim 34, wherein said liquid 
crystal layer is a pi-cell. 

38. The reconflgurable optical routing device of Qaim 34, in which a half wave 
plate is disposed between said first and second spatial light modulators. 

39. A routing switch comprising a first and a second Integrated multiphase spatial 
light modulator for spatial phase modulation of unpolarized light of a predetermined 
wavelength, the integrated spatJai light modulators having a substentially planar 



1 



nquid crystal layer, a layer reflective of said tight of said wavelength and a wave- 
plate layer, the wave-plate layer providing an optical retardanoe of (2n+l)h/4, said 
liquid cr^tal layer having two opposed faces and being disposed and configured to 
provide an out of plane tilt in response to a voltage applied between said faces, and 
said liquid crystal layer being spaced from the reflective laya* by the said wave-plate 
layer, wherein the integrated spatial light modulators comprise an integrated array 
of phase modulating elements and voltage application circuitr/, the voltage 
application circuitry for applying desired voltages across the liquid crystal layer 
whereby the liquid crystal layer has desired values of out of plane tilt; wherein the 
integrated multiphase spatial light modulators comprise an array of electrodes, each 
of the electrodes being associated with a respective portion of the liquid crystal layer 
to define a said phase modulating element, the electrodes being such that 
O application of voltage to each electrode causes the portion of the liquid crystal layer 
ii associated with the said electrode to have a ^edflc value of said out-of-plane tilt; 
^ and: wherein the voltage application circuitry is adapted to apply voltages to said 
^ array of electrodes for varying a deflection angle of light and the second integrated 
IJ spatial light modulator is disposed with respect to the fir^ integrated spatial light 

modulator for receiving light from said first integrated spatial light modulator thereby 
to route said light, 
O the device further comprising: 

a first array of optical fibers forming light sources directed to be off-normally 
fj incident on the first integrated spatial light modulator and a second array of optical 
fibers forming light receivers directed to be off-normally incident on the second 
integrated spatial light modulator for receiving light from the second integrated 
spatial light modulator; and 

drive circuitry for forming a respective plurality of switching holograms on each 
integrated spatial light modulator, each said switching hologram on said first 
Integrated spatial light modulator in use being operative to deflect light incident on 
said first integrated spatial light modulator to said switching holograms on said 
second integrated spatial light modulator, and each said switching hologram on said 
second integrated spatial light modulator in use being operative to deflect said light 
beams to a respective optical receiver. 

40. The routing switch of Qalm 39, wherein the switching holograms are spaced 
apart on said first and second integrated spatial light modulators and the first and 
second integrated spatial light modulators are disposed such that a respective zero- 
order beam reflected from each switching hologram on said first integrated spatial 



4 



light modulafx)r is incident on a spacing b^een two adjacent switciiing holograms 
on said second integrated spatial light modulator. 

41. The routing switch of Claim 39, wherein a half wave plate is disposed 
between said first and second integrated spatial light modulators. 

42. The routing switch of Claim 39, wherein the first and second spatial light 
modulators are mutually offset so no zero-order beams from the first spatial light 
modulator are incident on the second spatial light modulator. 

43. The routing switch of Claim 39, wherein the switching holograms are spaced 
apart on said first and second spatial light modulators, and the first and second 
spatial light modulators are disposed such that a respective second-order beam from 
each switching hologram on said first spatial light modulator is incident on a space 
between two adjacent switching holograms on said second spatial light modulator. 

44. A method of routing a light beam incident on an array of phase modulating 
elements, the light beam having a first component polarized in a first direction and a 
second component polarized in a second direction orthogonal to the first, the 
method comprising: 

pro>^ding an integrated spatial light modulator comprising a liquid crystal layer, a 
wave plate layer having an optical retardance of (2n+l)A/4 and a reflector layer, the 
liquid crySal being responsive to a variation in a drive voltage to provide a variation 
in out-of-plane director angle tilt, the spatial light modulator having an array of 
electrodes wherein each electrode is associated with a respective portion of the 
liquid crystal layer to define a said phase modulating element whereby the spatial 
light modulator comprises a said array of phase modulating elements; 
applying respective drive voltages to each said electrode whereby the portion of 
liquid crystal associated with the electrode has a respective specific value of director 
angle tilt; 

applying said beam to the integrated spatial light modulator whereby the first and 
second components each pass through the liquid crystal layer and the wave plate 
layer, and are reflected at the reflector layer to again pass through the wave plate 
layer and liquid crystal layer to emerge with both components phase modulated by 
the same amount; and 

controlling the drive voltages to vary a deflection direction of said light beam due to 
said array of phase modulating elements. 



Favorable action is respectfully requested. 



Respectfully submitted, 
William Crossland et al. 
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OPTICAL SWITCH 



FIEU) OF TBB INVENTION 

The invention relates to the general field of optical 
switching and more particularly to optical switching 
using multiphase or continuous phase hologram devices. 

BACKGROUND OF THE INVENTION 

Optical fibre switching components are fundamental to 
modern global information systems. Single-stage matrix 
switches operating independently of the optical bit-rate 
and modulation formats, capable of reconf igurably 
interconnecting N optical inputs to M optical outputs 
(where N and M are generally, but not necessarily the 
same number), are particularly attractive. Many switches 
for achieving the required switching are limited in 
functional size to less than 64x64, and/or suffer from 
relatively poor noise performance. One method which 
provides good noise performance and is potentially more 
scalable than other optical switch technologies is. to use 
reconfigurable holograms as elements for deflecting 
optical beams between arrays of optical inputs and 
optical outputs. 

A known holographic optical switch, otherwise known as an 
optical shuffle, is shown in figure 1. 

In figure 1, an array of optical sources 1 and an array 
of optical receivers 7 are arranged as the inputs and 
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outputs of a holographic switch. For many applications, 
the sources and receivers may comprise cleaved or end- 
polished fibres. In other applications, the inputs may be 
light emitting sources such as lasers or LEDs, and the 
outputs may be photo-detectors. Each input 1 may transmit 
a different digital or analog optical signal through the 
switch to one (or possibly several) of the outputs 7. 
Thus up to N different inputs may be simultaneously 
passing through the switch at any instant. Each input may 
consist of a single-wavelength modulated by data; a 
number of different data sources operating at different 
wavelengths (e.g. a wavelength-multiplexed system); or a 
continuiim of wavelengths. Although the switch is shown in 
cross-section in figure 1, the input & output arrays 1,7 
are typically 2-dimensional arrays, and the holographic 
switch occupies a 3-dimensional volume. 

To achieve switching, the input array 1 is arranged 
behind a first lens array 2. Each optical signal emitted 
by the input array enters free-space, where it is 
collimated by one of the lenses in first lens array 2. 
Each collimated beam then passes through a first hologram 
display device 3. The first hologram display device 3 
displays a holographic pattern of phase and/or intensity 
and/or birefringence which has been designed to produce a 
specific deflection of the optical propagation directions 
of the beams incident upon the device. The hologram 
pattern may also be designed such that each optical beam 
experiences a different angle of deflection. The first 
hologram display device 3 may also have the effect of 
splitting an individual beam into several different 
angles or diffraction orders. One application for 
utilising this power splitting effect is to route an 
input port to more than one output port. 
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The deflected optical signals propagate in free-space 
across an interconnect region 4 until they reach a second 
hologram device 5* The hologram pattern at second 
hologram device 5 is designed in such a way to reverse 
the deflections introduced at the first hologram display 
device 3 so that the emerging signal beams are parallel 
with the system optic axis again. 

The optical signals then pass through a second lens array 
6 where each lens focuses its associated optical signal 
into the output ports of a receiver array 7. Thus the 
hologram pattern displayed on first hologram display 
device 3 and the associated "inverse" hologram pattern 
displayed on second hologram display device 5 determine 
which output fibre or fibres 7 receive optical data from 
which input fibre or fibres 1. The interconnect region 4 
allows the signal beams to spatially reorder in a manner 
determined by the specific hologram patterns displayed on 
the first 3 and second 5 hologram display devices. The 
switch also operates reversibly such that outputs 7 may 
transmit optical signals back to the inputs 1. 

The system shown in figure 1 (and functionally equivalent 
configurations utilising planes of symmetry within the 
switch optics) is well known as a method for static 
optical shuffle, using fixed hologram recordings as first 
3 and second 5 hologram display devices whereby the input 
signals are "hard-wired" to specific outputs. 

It has been proposed to extend the optical shuffle of 
Figure 1 to provide a reconf igurable switch by displaying 
hologram patterns on a spatial light modulator (SLM) . 
There are however a number of practical design problems 
associated with the migration from a static optical 
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shuffle to a reconf igurable switch-. Among these are the 
following: 

1) Known SLMs, using a ferroelectric liquid crystal provide 
binary phase modulation and such phase modulation can be 

2) polarisation-insensitive. However, the maximum 
theoretical diffraction efficiency for a binary phase 
device is only 40.5%. For example, the architecture 
shown in figure 1 uses two SLM devices, and hence the 
maximum net diffraction efficiency of this system is 16,4 
%. The diffraction efficiency of holographic system would 
be improved significantly by using multiple phase 
modulation. For many applications this multiple phase 
modulation must be polarisation-insensitive. It is 
desirable that the phase may be varied continuously 
between 0 and (at least) 2%, 

3) In order to implement a holographic switch, using two 
SLMs, an appropriate set of hologram patterns must be 
chosen. This hologram set must be capable of routing any 
input channel to any input channel whilst keeping the 
crosstalk figures within specified values. In particular, 
the hologram set must be optimised to prevent beams 
associated with unwanted diffraction orders from being 
launched down the wrong channel. Increasing the number of 
phase levels tends to result in a decrease in the 
strength of the unwanted diffraction orders. 

4) A convenient method of constructing reconf igurable 
holograms for use within an NxN switch would be to 
integrate a layer of liquid crystal material above a 
silicon circuit. This type of SLM typically operates in 
reflection rather than transmission, and the switch 
layout shown in figure 1 is therefore no longer 
appropriate , 
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Accordingly the present invention: aims to address at 
least some of these issues. 

STJMMAR7 OF THE INVENTION 

According to a first aspect of the invention there is 
provided a switch comprising an integrated spatial light 
modulator for receiving light of a predetermined 
wavelength^ the modulator comprising a liquid crystal 
layer spaced from a second layer by a layer having an 
optical retardance of an odd integer number of quarter- 
waves of said wavelength, wherein the second layer is 
reflective of said light of said wavelength. 

In one embodiment said liquid crystal layer is a nematic 
crystal layer. 

In another said liquid crystal layer is a 7c-cell. 
Preferably the second layer is a metallic layer. 
Advantageously the metallic layer is of Aluminium. 
Conveniently said wavelength is 1.57 \m 

According to a second aspect of the invention there is 
provided a switch comprising an integrated spatial light 
modulator for receiving light of a predetermined 
wavelength, the modulator comprising a liquid crystal 
cell having a pair of opposed and mutually substantially 
parallel end plates disposed substantially parallel to an 
axial plane, and spaced apart by a liquid crystal layer 
providing a director angle tilt in a tilt plane 
substantially orthogonal to said axial plane, said liquid 
crystal being spaced from a second layer by an optical 
layer having a retardance of an odd integer number of 
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quarter-waves of said wavelength^ wherein the second 
layer is reflective of said light of said wavelength, and 
the optical layer being disposed with respect to said 
tilt plane such that light polarised in said tilt plane 
returns through said liquid crystal layer polarised 
substantially orthogonal to said tilt plane. 

Preferably said liquid crystal layer is a nematic crystal 
layer. 

Alternatively said liquid crystal layer is a TC-cell. 

Preferably the second layer is a metallic layer* 

Conveniently the metallic layer is of Aluminium. 

Advantageously the modulator has a glass cover disposed 
over said liquid crystal layer, and the metallic layer 
has a connection to driving circuitry for switching the 
modulator. 

According to another aspect of the invention there is 
provided a method of switching a light beam having a 
first component polarised in a first direction and a 
second component polarised in a second direction 
orthogonal to the first, the- method comprising providing 
a device having a liquid crystal layer and an optical 
retardance, the liquid crystal being responsive to a 
variable drive voltage to provide a corresponding 
variation in director angle tilt; and further comprising: 
applying a variable drive voltage to said liquid crystal 
device; applying said beam to said liquid crystal device 
to provide an intermediate beam having a variable phase 
delay applied to said first component and an at least 
substantially fixed phase delay to said second component; 
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by said retardance, rotating the - polarisation of said 
intermediate beam; applying the resultant light to said 
liquid crystal device whereby a component of said 
resultant light polarised in said first direction 
receives said variable phase delay and a component of 
said resultant light polarised in said second direction 
receives said at least substantially fixed phase delay. 

Preferably the rotating step comprises rotating said 
polarisation through 90 degrees whereby at least 
substantially equal amounts of variable phase delay are 
applied to each of said first and second components. 

Advantageously the rotating step comprises a step of 
reflecting said intermediate beam back along its incoming 
path. 

According to yet another aspect of the invention there is 
provided an optical switch comprising a plurality of 
input optical fibres for providing plural input light 
beams, a plurality of optical receivers for receiving 
output light beams, a first and a second reflective 
spatial light modulator, and drive circuitry for forming 
a respective plurality of switching holograms on each 
spatial light modulator, said holograms being selected to 
couple each said input optical source to a respective 
desired optical receiver, wherein each spatial light 
modulator incorporates a liquid crystal device for 
modulating the phase of light travelling through said 
liquid crystal device, a reflector device for returning 
light back through said liquid crystal device and a 
device, disposed between said liquid crystal device and 
said reflector device, for rotating the polarisation of 
light by 90 degrees, wherein the optical switch has an 
axis of symmetry and the spatial light modulators are 
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disposed on opposite sides of said axis, each said 
switching hologram on said first spatial light modulator 
being operative to deflect said input light beams to said 
switching holograms on said second spatial light 
modulator and each said switching hologram on said second 
spatial light modulator being operative to deflect said 
light beams to a respective optical receiver. 

Preferably each said input optical fibre is directed 
towards a respective switching hologram on said first 
spatial light modulator, and each said optical receiver 
comprises an output optical fibre, wherein each output 
optical fibre is directed towards a respective switching 
hologram on said second spatial light modulator. 

In one embodiment the first and second spatial light 
modulators are disposed such that a respective zero-order 
beam reflected from each switching hologram on said first 
spatial light modulator is incident on a respective 
switching hologram on said second spatial light 
modulator* 

Preferably a half wave plate is disposed between said 
first and second spatial light modulators. 

Alternatively the switching holograms are spaced apart on 
said first and second spatial light modulators and the 
first and second spatial light modulators are disposed 
such that a respective zero-order beam reflected from 
each switching hologram on said first spatial light 
modulator is incident on a spacing between two adjacent 
switching holograms on said second spatial light 
modulator. 
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Advantageously a half wave plate is disposed between said 
first and second spatial light modulators. 

Conveniently the switch further comprises respective 
optical systems disposed between said input fibres and 
said first spatial light modulator and between said 
output fibres and said second spatial light modulator, 
wherein each said optical system comprises two confocal 
lenses / the input and output fibres being disposed in 
respective planes and a focal plane of a first lens of 
each optical system coinciding with the plane of the 
associated fibres. 

Preferably the input and output fibres are disposed in 
respective planes and the optical switch further 
comprises respective arrays of microlenses, said 
microlenses being disposed in front of each fibre plane 
such that each microlens corresponds to a respective 
fibre, and respective optical systems disposed between 
said input fibres and said first spatial light modulator 
and between said output fibres and said second spatial 
light modulator, wherein each said optical system 
comprises two confocal lenses, and a focal plane of a 
first lens of each optical system coinciding with the 
output focal plane of the associated microlens array. 

Advantageously said optical fibres are thermally expanded 
core (TEC) fibres. 

In another embodiment the first and second spatial light 
modulators are mutually offset so that no zero order 
beams from the first spatial light modulator is incident 
on the second spatial light modulator. 
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Conveniently at least one optical- receiving element is 
disposed in a region receiving said zero-order beams from 
said first spatial light modulator, whereby input signal 
may be monitored. 

Advantageously, the or each element is a fibre. 
Alternatively other elements such as receiver diodes 
could be used. 

Preferably each switching hologram provides a repeating 
pattern on its spatial light modulator, whereby the 
repeating patterns on the two SLMs satisfy the relation: 

^2(«) = ^i(-«) 

where 82 (u) is the repeating pattern on the second SLM and 
GxC-u) is the repeating pattern on the first SLM, and 
the angle of incidence is such that the Poynting vector 
of the input light beam incident on the first SLM, and of 
the light beams leaving the second SLM, is in the plane 
of tilt of the director* 

In a preferred embodiment, the output fibres are secured 
together in an array by a glue containing black pigment 
to attenuate misaligned light. 

In another preferred embodiment, the output fibres are 
secured together to form an array and the spacing between 
the fibres of the array is occupied by interstitial 
fibres which serve to accept and guide away cross talk 
from the switching zone. 

BRIEF DESCRIPTION OF THE DRAWINGS 
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Non-*liiniting embodiments of the invention will now be 
described with reference to the accompanying drawings, in 
which: 

Figure 1 shows a prior art optical switch useful in 
understanding the present invention; 

Figure 2 is a schematic diagram showing the propagation 
of a planar wave front through a uniaxial liquid crystal 
device; 

Figure 3 shows the use of a quarter-wave plate, and 
illustrates the polarisation states of an input field in 
a double-pass reflective system; 

Figure 4 shows a schematic cross-sectional view of a 
first embodiment of a SLM with integral quarter-wave 
plate; 

Figure 5 shows a schematic cross-sectional view of a 
second embodiment of a SLM with integral quarter-wave 
plate; 

Figure 6 shows an overview of an exemplary silicon back 
plate layout for the device of Figure 5; 

Figure 7 shows a schematic diagram of a pi cell for use 
in the invention; 

Figure 8 shows a partial layout diagram of a first 
embodiment of an optical switch using two reflective 
SLMs, in accordance with the invention; 

Figure 9 shows a schematic diagram of a part of a first 
optical system useable in the switch of Figure 8; 
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Figure 10 shows a schematic diagram of a part of a second 
optical system including a microlens array, useable in 
the switch of Figure 8; 

Figure 11 shows the effects of zero-order cross talk in 
the device of Figure 8; 

Figure 12 shows a partial layout diagram of a second 
embodiment of an optical switch in accordance with the 
invention, being a modification of Figure 8 to include a 
half wave plate in the optical path between the two SLMs; 

Figure 13 shows a partial layout diagram of a third 

embodiment of an optical switch in accordance with the 

invention, being a modification of Figure 8 having the 

output SLM offset laterally to reduce cross talk. 

Figure 14 shows a fourth embodiment in which the output 
SLM is offset transversally to avoid cross talk; 

Figure 15 shows propagation conditions inside the liquid 
crystal; and 

Figure 16 shows the differing propagation conditions 
inside the input and output SLMs. 

DESCRIPTION OF THE PHEFEPRED EMBODIMENTS 

In the various figures, like reference signs indicate 
like parts. 

Figure 2 shows the propagation of a planar wave front 
100, travelling along the z-direction through a layer of 
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uniaxial liquid crystal cell 101 -of uniform alignment. 
The cell comprises a front plate 102 and a rear plate 103 
sandwiching the liquid crystal 104. The optical' axis 105, 
later also referred to herein as a director axis of the 
uniaxial medium has been taken in the general case to 
tilt away from the x-direction by an angle 9 on to the 
plane xOz. The tilt angle G is electrically controllable 
by a voltage applied across the liquid crystal cell 101. 
The two propagation modes travel along the z-direction 
with different velocities: these may be calculated using 
a geometric construction in which an ellipsoid is drawn 
with a long axis of length ne parallel to the director. 
For a uniaxial medium the other two axes of the ellipsoid 
have equal lengths (no) . A plane is constructed 
perpendicular to the Poynting vector {in this case the 
plane is parallel to the xOy plane) . The intersection of 
this plane with the ellipsoid defines an ellipse 110. The 
directions of the major and minor axes 111, 112 of this 
ellipse define the two orthogonal polarisation modes, 
while the lengths of these two axes define the refractive 
index experienced by the corresponding mode. For a tilt 
in the xOz plane, the minor axis of this ellipse is 
parallel to the y direction, and the major axis is 
therefore parallel to the x direction, for all values of 
9. Hence, for any 9, the x and y directions are parallel 
to the polarisation modes, so that the components of 
incident light polarised in these directions will remain 
in these directions on propagation through the liquid 
crystal. This remains true even if the tilt angle 9 is 
changing inside the medium. 

The length of the minor axis 112 is no, for all values of 
9. Hence the component of the field that is parallel to 
the y-axis experiences refractive index no whatever the 
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tilt angle 9 is, and therefore the phase delay caused to 
it by the cell is independent of the voltage across it 
(ordinary wave) . On the contrary, the length of the major 
axis does depend on the tilt angle 9, and so the x- 
component of the field (extraordinary wave) experiences 
different refractive index n for different values of the 
tilt angle. 

The length of the major axis 111 is n(9), and is given by 
equation (1) : 

1 ^ cosHe) sin "(9) 
n^e) ^ nl (i) 

It follows that n^^n(9)<n^. The relative phase delay 

between the two components is then given by the equation 
(2): 

A<|) = koCiAn (2) 

In equation (2), d is the thickness of the liquid crystal 
cell^ ko the wavenumber of the field in free space and An 
is given by An=n(9)-n„. Since An is a function of the 
voltage across the cell, equation (2) shows that the 
applied voltage can continuously control the phase 
difference between the two components across the cell. 

It will be understood by those skilled in the art that it 
is desirable to provide phase modulation that is not 
sensitive to polarisation, and devices and methods for 
achieving this will now be described for the situation of 
nomally incident light: 
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Expression (3) shows a mathematical representation of an 
arbitrary polarisation state as the superposition of two 
orthogonal^ linearly polarised waves: 

where the amplitudes, EoY(t) and Eox{t), and phases Sx(t) 
and SY(t) vary slowly, remaining essentially constant over 
a large number of oscillations. For unpolarised light the 
relative amplitude, EoY(t) /Eox(t) and relative phase, 
8y(t)- Zxit) , vary rapidly compared to the coherence time 
of each linearly polarised component, i.e. the two waves 
are mutually incoherent. For randomly polarised light the 
relative amplitude and phases vary slowly with respect to 
the coherence time, i.e. the two waves are mutually 
coherent. Hence the above representation is valid for any 
light wave. 

Such light could be modulated by applying the same phase 
delay to both of these components. However, the 
configuration in figure 2, allows just one of the two 
components (x-component) to be properly phase-modulated 
since the y-component always gains the same phase delay. 

Figure 3 shows a schematic diagram of a configuration 
that would allow for both components to be modulated. 
Referring to figure 3, light is reflected from a mirror 
30 after passing through a liquid crystal cell 32 to 
enable a double-pass configuration. In between the two 
passes a suitable rotator 31 is introduced, which rotates 
both components through 90*. As is known to those skilled 
in the art, a quarter -wave plate acts to retard one 
polarisation component of light relative to the 
orthogonally polarised component; thus the combination of 
a quarter-wave plate (with an optical axis tilted out of 
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the plane 0x2 by 45**) and a mirror acts as a 90"* rotator. 
It would of course be possible to use a 3/4^ 5/4 etc- 
wave plate/ the criterion being an odd-integer number of 
quarter waves, so that a double pass produces the overall 
90** rotation. Consider light with an arbitrary 
polarisation state (as in expression 3) at normal 
incidence passing through the configuration shown in 
figure 3, Differences for off-normal incidence will be 
considered later. 

For the first pass, on the way towards the quarter wave 
plate and mirror, the polarisation component polarised in 
the ^direction (Eox(t) exp j Sx(t)) experiences a 
refractive index n(9), where 9 depends on the applied 
voltage, while the component in the y direction (EoY{t) 
exp j ey(t)) does not, and instead experiences a 
refractive index, no , that is independent of the applied 
voltage. The orientation of the quarter wave plate is 
such that these two polarisation components are 
exchanged. For the 2*^^ pass, on returning back through the 
liquid crystal, the component Eox(t) exp j 8x(t)) is now 
polarised in the y direction, and therefore experiences a 
refractive index no, while the component EoY{t) exp j Sy(t) 
is now polarised in the x direction, and experiences a 
refractive index n(0). In this way both components gain 
overall the same amount of phase delay through the system 
since they both experience one pass under a refractive 
index n{9) and one pass under a refractive index no. 

In particular {equations 4 and 5) : 

Eox component: ^^OX ^ ^^IST-PASS + ^^INO-FASS ^'^)^ 
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Eor componen t : ^^qY ~ IST-PASS + ^^IND-FASS = *"0^ + hi{9)d ( 5 ) 



The system may be described mathematically (equation 6) 
in terms of Jones matrices, with the result that (as 
expected) : 



It should however be noted that the light exits the 
system in the opposite orthogonal state. This Jones 
matrix result uses the convention that the y-axis is 
inverted on reflection from the mirror. The mathematical 
result confirms that both components of the output light 
have the same phase change (in agreement with equation 4 
and 5) and therefore polarisation insensitive phase 
modulation is feasible. 

In general 9 may vary with z, in which case the index 
n{0) in (6) should be replaced by (expression 7): 



The foregoing principle can be applied to an array of 
modulating elements. A plane wave front of arbitrarily 
polarised light, which normally impinges on to such an 
array of pixels, each of which is characterised by a 
specific value of tilt angle (by the application of 




(6) 



expy(fe-iaf) 
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different voltages across it) , or a specific distribution 
of tilt angles, can be spatially phase modulated. 

Referring now to Figure 4, a first embodiment of an 
integrated spatial light modulator in accordance with the 
invention will now be described: 

AS seen in figure 4, the SLM consists of an aluminium pad 
120, which forms a pixel array, and is connected to pixel 
driving circuitry by a connection figuratively shown at 
126. On the pixel array 120 there is disposed a quarter 
-wave plate 121. On the quarter-wave plate, and over an 
intervening alignment layer, (not shown) there is 
disposed a liquid crystal layer 122 - here a nematic 
liquid crystal is used, but the invention is not so 
limited. The actual requirement is the ability to provide 
an out of plane tilt. On the liquid crystal layer there 
is disposed an alignment layer 123, as known to those 
skilled in the art, and over the alignment layer there is 
disposed a transparent conductive layer 124 such as an 
ITO (Indium Tin Oxide) layer forming a common electrode 
plane, and an upper glass layer 125. 

The quarter-wave plate can be deposited on the pixel 
array by spin-coating a proper reactive monomer, which 
can be polymerised by exposure to ultraviolet light- In 
the cell of Figure 4, the aluminium pad acts as a mirror 
and also provides the necessary power voltage across the 
cell for the liquid crystal 122 to switch. 

A second embodiment is shown in figure 5. 

Referring to figure 5, a pixel array 130 is integrated on 
a silicon-1 . 5pm-transparent backplane structure 131, and 
is sandwiched between the backplane structure and one 
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face of a liquid crystal layer 132. The other cide of 
the liquid crystal layer 132 is in contact with an 
alignment layer 133, which in turn is covered by an ITO 
layer 134. A quarter wave-plate 135 is disposed between 
a front aluminium mirror 136 and the ITO electrode 134. 
The thickness of the quarter wave plate may be adjusted 
by spin-coating techniques so that in reflection it 
functions as a half-wave plate at X.=1.57 im. 

An embodiment of a spatial light modulator in accordance 
with figure 5 was constructed. The pixels were 
constructed using the polysilicon layer of a conventional 
2Mm CMOS process. Figure 6 shows an overview of the 
silicon backplane layout. 

Referring to Figure 7 a further embodiment of the 
invention uses a twisted nematic liquid crystal mixture 
in a «-cell configuration, again using a quarter-wave 
plate. Such a device enables reduced liquid crystal 
response time. In such cells the director of the nematic 
liquid crystal twists along the thickness of the cell 
through an angle. Figure 7A shows the director angle as a 
series of illustrative lines 50- 56 across the cell 
thickness, with the cell in the unbiased state. Figure &B 
shows the other extreme condition with maximum bias, with 
the directors forming a straight line between the front 
and rear plates. In a pi cell flow of material within the 
cell during the switching process is minimised and the 
response time decreases. Given that the thickness of the 
cell is large enough so that the field can be actually 
wave-guided through it, the same principle of figure 2 
applies and the cell can give fast, polarisation 
insensitive switching. 
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Although the above discussions are in the context of an 
integral retarder, it is also possible to use a non- 
integral retarder, such as a non~integral quarter wave 
plate. The following description is not therefore limited 
to an integral quarter wave plate. 

Referring now to Figure 8, a first partial diagram of an 
embodiment of a reflective switch uses a first, or input 
SLM 140 and a second, or output SLM 141, each divided 
into a set of blocks (or holograms), and disposed spaced 
apart and generally parallel to and on opposite sides of 
an axis of symmetry 142. The two SLMs face the axis 142, 
and are spaced along it. An input fibre array 143 having 
an input fibre FC is directed towards the first SLM 140, 
and is disposed such that light from the fibres in the 
array are incident upon the input SLM at an angle 9in to a 
plane normal to the plane of the SLM. An output fibre 
array 144 having an output fibre fB is similarly directed 
with respect to the output SLM 141. Thus light describes 
a generally zigzag path from the input fibres of the 
input array, to the first SLM 140, then to the second 
opposing output SLM 141 and finally to a fibre of the 
output array 144. As discussed above, each SLM displays 
plural holograms, and the disposition of the system is 
such that for the input SLM 140, each hologram is 
associated with a particular input fibre, while for the 
output SLM 141, each hologram is associated with a 
particular output fibre. 

Routing from input fibre fC to output fibre fB is 
achieved by configuring input hologram hC to deflect the 
input beam to output hologram hB, so that the angle of 
reflection typically differs from the incident angle 0^. 
Output hologram hB deflects the beam incident on it to 
output fibre fB. In between each hologram and its 
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corresponding fibre there is an optical system, 
embodiments of which are described later herein, that has 
the function of presenting beams of appropriate diameter 
to the hologram. 

In order to minimise the system losses, it is desirable 
to have as few lenses as possible in the optical system. 
A first optical system, for use with the switch of Figure 
9, is shown in Figure 9, Referring to Figure 9, the 
optical system has a first 150 and a second 151 confocal 
lens in a telescopic arrangement. The system has the 
fibre array 143 to the left, as shown, of the first lens 
150, and the SLM 140 on the right of the second lens 151. 
The focal length fi of the first lens 150 is shorter than 
the focal length tz of the second lens 151. The fibre 
array 143 is positioned at the input focal plane of the 
first lens 150, while the output focal plane of the 
second lens 151 is approximately midway between the 
hologram devices 140, 141 (see figure 8). The same system 
would be used at both input and output to the switch. 
Under certain circumstances, as will be clear to those 
skilled in art, a field flattening lens may be required. 

In a CO pending patent application an embodiment using 
reflective SLMs has the beam passing twice through a lens 
(off-axis) positioned immediately in front of the SLM. 

The system of Figure 9 has a relatively low wavelength 
range. However, a number of measures can be used to 
improve the wavelength range. These include: 

use of fibres with a larger spot-size, such as TEC 
(Thermally Expanded Core) fibres: 

use of fibres with a narrower diameter thus allowing 
closer packing; and 
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use of a microlens array after the fibre array, so 
that the focused spots leaving the microlens array are in 
the input focal plane of the lens of lower focal length 
(see figure 10 in which a microlens array 153 having 
focal length f„ is between the lens 150 and the input 
fibre array 143, The input microlens array 153 is 
disposed with respect to the input fibres so as to focus 
light from those fibres to the focal plane of the lens 
150) . 

An advantageous option is to use both a microlens array 
and larger spot-size fibres in the fibre array. 

As will be clear to those skilled in the art, the 
required nvmiber of pixels in each row of the hologram, M, 
may be calculated using the beam spot size of the 
hologram and the maximum beam steering angle, and the 
cross talk requirement. 

The requirements of optimiam performance suggest the use 
of either standard fibres with a microlens array or 
fibres with larger than standard spot size. 

As known to those skilled in the art, a quarter-wave 
plate will only work perfectly for one particular 
wavelength, giving rise to errors at other wavelengths. 
Deviations from the theoretical also result from 
fabrication tolerances in the quarter-wave plate 
thickness and birefringence, and from misalignments 
between the plate orientation and the plane of tilt of 
the liquid crystal. 

It can be shown that these effects produce zero-order 
(i.e. undiffracted) polarisation-dependent crosstalk in a 
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switch configuration due to the component of incident 
light in the y polarisation direction. 

For incident light polarised in the x direction, it can 
be shown that the result of the errors is to produce a 
diffraction order at twice the angle of the intended main 
diffraction order • The amplitude of this doubled-order 
crosstalk varies with the polarisation state of the input 
light, and hence the effect is to generate polarisation- 
dependent crosstalk. 

Reference to Figure 8 shows that the input and output 
holograms deflect the beam in opposite directions • As 
known, maximal wavelength range is achieved when angular 
deflection is equal and opposite. The consequence is 
that/ with the SLMs parallel as shown, the beams 
travelling from the input fibres to the input holograms 
are parallel to the beams travelling from the output 
holograms to the output fibres. 

As the hologram array is regular, such that the set of 
tilt angles is quantised into units of Mp/L, where M is 
the number of pixels in each row of the hologram, p is 
the pixel pitch, and L is the distance between the 
holograms, therefore to route to a fibre nx along in the x 
direction, and ny along in the y direction, the beam 
deflection at the input hologram is given by equation 8: 



Also the beam deflection at the output hologram is 
(equation 9) : 



and <5(sin^jr) = 



rtyMp 



nxA^ 
L 
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Referring now to Figure 11, the output SLM 141 is 
arranged such that the zero-order beam reflected from the 
centre of any hologram on the input SLM 140 is incident 
on the centre of an output hologram of the output SLM 
141. This is the configuration that maximises the 
wavelength range. For example/ the zero-order reflection 
from hologram hA is incident on the centre of hologram 
hB. 



The effect of the quarter-wave plate tolerances is to 
route a beam 145 of amplitude ayy from hologram hA on 
input SLM 140 to hologram hB on output SLM 141, where ayy 
is the fraction of incident light polarised in the y 
direction which remains in that state after transition 
through the first SLM 140. Analogous effects at the 
second SLM 141 cause a beam 146 of net amplitude of up to 
(avv)^ to pass into the zero-order output from hologram 
hB. As a result of the system geometry, the zero-order 
beam 146 reaches output fibre fC, Hence the effect of the 
7 polarised light that remains in this polarisation state 
is to cause crosstalk in fibre fC of maximum amplitude 
(ayy)^ from the signal entering the switch at fibre fA, 
The remainder of the light from hologram hA directed to 
hologram hB has amplitude avyd-ayy). This light will be 
subject to the intended deflection angle introduced by 
hologram hB, and will form a light beam 147. Let the 
distance in hologram units between holograms hA and hC on 
first, input SLM 140 be (dx/dy). What happens next depends 
on the design of the system. For the basic system 
(microlens-f ree system) , the beam will enter output fibre 
fC at a tilt angle. The system may be designed such that 
this light (of maximum amplitude a^Yd-aYv) ) is partially 
attenuated by the limited angular acceptance of the 
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output fibre (or offset acceptance, depending on the 
optical architecture) . It may be shown that the 
attenuation, axiLT/ due to this tilt is given by equation 
10: 

ariLT -i^x^ +rfr^)ar (10) 

where 

y — — I.I 

where C is the clipping parameter at the hologram, such 
that Mp-C.o HOL/ where ©hol is the beam spot-size at the 
hologram. With a switch configured for maximum 

wavelength range, the worst-case value of dx^ + d^^ is 
unity. To improve crosstalk suppression, ayiLT should be 
as high as possible: thus performance is improved by 
increasing the value of the ratio of the spot-size to the 
fibre separation. 

Referring to Figure 12, a second embodiment of an optical 
switch differs from that shown in Figure 8 by disposing a 
half-wave plate 150 between the two spatial light 
modulators 140,141, The half=wave plate exchanges for a 
second time the x and y polarisation components so that 
the residual zero order beam 151 (of maximum amplitude ayy) 
from the first SLM 140 is polarised on reaching the 
second SLM 141. Of this light a first output beam 152 
results from a fraction axx being deflected by twice the 
intended deflection angle, and there is thus no longer 
crosstalk directed precisely at output fibre fC. In fact 
this beam is deflected so it comes in at twice the tilt 
(or twice the offset, depending on the architecture) , and 
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the attenuation is scaled up by a factor of 4, The rest 
of this polarisation-dependent zero-order light is again 
deflected by the intended deflection angle, and is 
subject to the same attenuation as for the system without 
a central half -wave plate. 

Referring to Figure 13, a third einbodiment of an optical 
switch according to the invention has the second SLM 141 
offset by half a hologram's width in one plane (e.g. the 
X direction) . Thus zero-order crosstalk 145, including 
the polarisation-dependent zero order, is directed at a 
point midway 149 between output fibres. In this case the 
zero-order crosstalk is subject to an offset of s/2, with 
a corresponding additional attenuation dependent on the 
offset. 

The third embodiment is most appropriate in the presence 
of good surface flatness on the SLM. For the case of 
offset loss, it reduces as the ratio of the spot-size to 
the fibre separation is increased. In any final design 
there will be an optimum value of this ratio to obtain 
the overall required system performance. 

Referring now to Figure 14, in a further embodiment a 
further reduction of the zero order is achieved by 
offsetting the output SLM 141 with respect to the input 
SLM 140 by a whole SLM' s height (or more) in the 
direction normal to the plane of incidence. The figure 
shows two light beams 70a, 70b, each incident on a first 
SLM 140, and having a zero-order reflection from that SLM 
to define a respective plane of incidence. It can be seen 
that each plane of incidence is horizontal - the x-z 
plane. The output SLM 141 is offset downwardly so that 
zero orders do not impinge on it. Alternatively, an 
upward shift could be employed. This embodiment offers 
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resilience to the effects of bowing or long-range surface 
distortion of the reflective surface inside the SLM, In 
this case the zero orders fall outside of the output 
fibre array, and can be conveniently used for monitoring 
purposes, for example. 

Now consider the polarisation-dependent doubled orders, 
in a 2-D system. Let these be approaching the output 
hologram at deflection angles {equation 11) : 

<5(sintf;,)=f^ and S{An9y)=^'-^ (U, 

In the zero-order aligned system {Figure 8) the possible 
values of Cx and Cy are always even, while nx and ny can 
take any integer values. Hence it is possible for doubled 
orders from the input SLM 140 to arrive at the centres of 
output holograms, and afterwards be focused directly, or 
at a tilt, into an output fibre. In the zero-order 
interleaved system {Figure 10), however, the possible 
values of Cx are always odd integers, while nx can only 
take half-integer values. Hence the doubled orders from 
the input SLM 140 will arrive between the output 
holograms, and will be focused directly, or at a tilt, 
into points midway between output fibres. Hence zero- 
order interleaving also creates doubled-order 
interleaving. 

In a preferred embodiment, the attenuation of beams 
arriving between the output fibres is increased by adding 
black paint to the glue holding the fibres together 
inside the fibre array. It will be understood that other 
absorbers could also be used. In another embodiment, the 
spacing between the fibres of the array is occupied by 
interstitial fibres which serve to accept and guide away 
cross talk from the switching zone. 
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The amplitude of the doubled-order beam is at most axx- In 
the absence of a central half-wave plate, there will be a 
beam of maximum amplitude axx^ coming out at deflection 
angles (with reference to beams focused directly into an 
output fibre) given by equation 12: 

S{s\n0x) = ^ -j^ and ^(smey) = -i-i — 

The worst--case scenario is that cx-2nx, and CY-2nY. In this 
case for the zero-order aligned system (Figure 11), the 
beam of maximum amplitude axx^ will be focused directly 
down the output fibre. While for the zero-order 
interleaved system (Figure 13), this beam will be focused 
in between the output fibres, and will therefore be 
subject to an offset loss. 



In the presence of a central half-wave plate, a weak 
beam, of maximum amplitude axxavYr will be reflected as a 
zero-order reflection, and will therefore come out at 
deflection angles given by equation 13: 

^sin^;,)=^^ and <y(sine^)=^ (13) 

Firstly consider what happens in the zero-order aligned 
system (Figure 11) : this beam is attenuated at the output 
fibre due to the limited angular acceptance. Either Cx or 
Cy could be zero, in which case the minimiom value of the 
tilt loss at the output fibre is 40^. 

Now consider what happens in the zero-order interleaved 
system (Figure 13). The worst-case is Cy^O and Cx*l: the 
beam will be attenuated by a tilt loss of ttx and also the 
above described offset loss. In addition, if the output 
SLM is offset vertically, then the minimum value of ny is 
1, in which case the beam will additionally be attenuated 
by a tilt loss of 4 Or. 
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Now consider the remaining light in the incident doubled 
order. Without a central half-wave plate, this beam will 
have a maximum amplitude of axx(l-axx)/ while in the 
presence of a central half -wave plate, this beam will 
have a maximum amplitude of axx{l--aYY) • With or without the 
central half-wave plate, this beam is deflected by the 
intended deflection angle, and so leaves the output 
hologram at a deflection angle given by equation 14: 

5(sJ„^^)=fc^ZZ!£M and <y(sing,)^ ("^""^)^ (14) 

For the zero-order aligned system, the worst-case is for 
either Cx=nx or Cy-n^, but not both. Assume that one of 
these is true. The minimum attenuation is when Icx-nx I = 
1 or when Icy-ny | = 1 and so the beam will be attenuated 
by a tilt loss of ax. For the zero-order interleaved 
system, the minimum attenuation is when Icx-nx I 1/2 and 
I Cy— ny [ » 0. The minimum attenuation is then 0.25o^, 
added to the offset loss. If additionally, the output SLM 
141 is offset by an odd integer number of hologram 
heights, then the offset loss is doubled from that 
previously defined, and the minimum value of I Cy-ny | 
becomes 1/2, so the tilt attenuation is increased to 0.5 

To maintain desired back reflection conditions off-normal 
incidence is preferable: it is likely to occur in any 
event due to the geometrical constraints of the system. 
However the closer to normal incidence, the better is the 
performance. 

Where the beam has off-normal incidence, the phase of the 
reflection coefficient from the mirror of the SLM becomes 
polarisation-dependent, due to plasmon resonances in the 
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metal mirror. The effect is to increase the fraction of 
light in each polarisation state that remains in that 
state after passing back through the quarter-wave plate. 
Another effect of off-normal incidence through the 
quarter-wave plate is to change, for the worse, both the 
effective thickness and also the birefringence. Hence a 
consequence of off-normal incidence is to increase the 
strength of the polarisation-dependent crosstalk into the 
zero and doubled orders. 

Given off-normal incidence, it now becomes necessary to 
choose the plane of incidence. In this section the 
effects of off-normal incidence, but still in the x-z 
plane, are investigated. 

Assume the Poynting vector of the incident light to be in 
the xOz plane, with a polarisation component EoY(t) exp j 
8Y{t) in the y direction, and EoxzCt) exp j Sxz(t) in the 
xOz plane (in a direction mutually orthogonal to y and 
the Poynting vector) , 

Let the light be incident at an angle 9ihc to the mirror, 
as shown in Figure 15, and let the long axis of the index 
ellipsoid be in the xOz plane, at an angle 0d to the x- 
axis. A geometric method as discussed previously may be 
used to analyse the propagation. As before, the index 
ellipse is defined by the intersection of the plane 
perpendicular to the Poynting vector with the index 
ellipsoid. As long as the Poynting vector remains in the 
xOz plane, the light component polarised in the y 
direction and travelling towards the mirror (EoY(t) exp j 
SY<t)) experiences a refractive index n©, that is 
independent of the tilt angle. This means that even if 
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the tilt angle is changing in the z direction, the y 
polarised component still perceives a constant refractive 
index. This index is also independent of the angle of 
incidence • The index experienced by the orthogonal 
component (Eoxz{t) exp j 8x2(t)) is the length of the major 
axis of this ellipse. On propagation towards the mirror 
the major axis is at an angle eo-ezNc to the director in 
the xOz plane: the length and direction of this axis is 
shown by the line AB on the figure. Mathematically the 
index experienced by the orthogonal component (Eoxz(t} exp 
j BxzCt)) is given by substituting 9=0D-eiNc into equation 
(1), After reflection from the mirror and passing back 
through the quarter wave plate it is the component EoY(t) 
exp j ey(t) that is polarised in the xOz plane. For this 
second pass, the major axis of the index ellipse is now 
at an angle Sd+Ginc to the director in the xOz plane: the 
length and direction of this axis is shown by the line AC 
on the figure. Mathematically the index experienced by 
the orthogonal component {Eoxz(t) exp j Sx2(t}) is given by 
substituting 8=9d+6isc into equation {1) - Hence the phase 
delays for the two components are now given by equations 
15 and 16: 



Eoxz component: 
EoY componen t : 

A^OY =^^\ST-PASS + ^^IND^PASS - kn^d -¥ ksiO ^Bji^c)d {16) 

Therefore the phase-modulation now has a weak 
polarisation dependence, which increases with the angle 
of incidence, and is given approximately (to second 
order) by equation 17: 

A«*oy - Afl^oAZ = ^mc-^ ill) 
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In a cell in which the tilt angle is varying (as in 7), 
the polarisation dependence of the phase modulation is 
given by equation 18: 



2=0 



dk (18) 

e 

The rate of change of n with respect to director angle is 
easily shown to be (equation 19) : 



4 = 



Note that for tilt angles in the range 0 to n/2, this 
derivative is always negative, while for tilt angles in 
the range 7i/2 to tc, the derivative is always positive. 
For a pi cell, the tilt angle 9 varies between 0 and 
Hence the polarisation-dependent phase modulations may 
partially cancel. 

An important property of this plane of incidence, is that 
of the directions of the two polarisation modes. Bearing 
in mind that these are given by the directions of the 
minor and major axes of the ellipse formed by the 
intersection of the plane perpendicular to the Poynting 
vector, with the index ellipsoid, if the Poynting vector 
is in the xOz plane, then the minor axis is always in the 
y direction and the major axis is always in the xOz plane 
(and parallel of course to the xOz component of the 
incident light) . Therefore the polarisation states of the 
y polarised and orthogonal components of the incident 
light are not changed inside the liquid crystal, and 
therefore proper polarisation component exchange should 
still take place at the quarter-wave plate and mirror. 
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Returning now to the polarisation-dependence, the effect 
on a beam-steering device, is to introduce a 
polarisation-dependence into the amplitude (but not the 
output angle) of each diffraction order, where this 
polarisation-dependence is a function of the angle of 
incidence. Now consider an NxN switch using two such 
devices, and let the SLM shown in Figure 15 be the input 
SLM. In order to keep the mathematics simple, , an 
analysis is now presented for 1-D SLMs, and hence 1- 
dimensional beam-steering. The results of this analysis 
hold good for two dimensional SLMs, Define Fourier 
coefficients and bu such that (equations 20 & 21) : 




where u is the position co-ordinate of each pixel, and 
4>(u) is the intended phase modulation,. as defined 
immediately before equation (13) ♦ Hence for the input 
SLM, the y polarised component of the incident field is 

diffracted into orders of amplitude bii, while the 
orthogonal component is diffracted into orders of 
amplitude a^i. For a well-designed hologram, almost all of 
the power will go into a single diffraction order. 

It is assumed that the input and output SLMs are made in 
the same way. Now consider pixels in the two SLMs 
applying the same nominal phase modulation (for a 
normally incident beam) , and hence having the same tilt 
angle, 0d. Due to the geometry of the arrangement of SLMs 
etc, the beam entering the 1st SLM is parallel to the 
beam leaving the second SLM, as shown in Figure 16. Let 
there again be a half-wave plate between the two SLMs. 
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The y polarised component of the field incident on the 
1st SlMf is polarised in the xOz plane on leaving the 1st 
SLM, and due to the half-wave plate is again y polarised 

on entering the second SLM. This component perceives the 
ordinary index no on propagation towards the mirror. On 
propagation away from the mirror, the index perceived is 
given by an effective tilt angle of S^Od-Qinc- Hence the 
total phase delay for this component is given by 
(equation 22) : 

Eqy componen t : 

A^Or ~ ^^IST-PASS + ^^ZND-PASS ~ ~ ^JNc)^ + *"0^ ( ^2 ) 

Similarly, it can be shown that for the orthogonal 
polarised component (in the xOz) plane of the beam 
incident on the 1st SLM, the phase modulation at the 
second SLM is given by (equation 23) : 

Eoxz component: 

At the second SLM, and assiaming substantially flat SLMs, 
the hologram is substantially complementary to that at 
the first SLM. Let the intended phase modulation at the 
second SLM be <^c{u), and let the director angle be 9c (u). 
If at the input SLM^ the hologram is designed to maximise 
the output into the L'th diffraction order, then at the 
output SLMf the hologram should maximise the output into 
the -L'th diffraction order. For this output SLM 
therefore, the Fourier coefficient b_L2 that defines the 
amplitude of the main diffraction order for the y 

polarised component of the field incident on the 1st SLM 
is given by (equation 24) : 
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(24) 



while the Fourier coefficient for the main diffraction 
order from the output SLM for the orthogonal component of 
the field incident on the 1st SLM is given by (equation 
25) : 



<!b(«). 



>>exp+/1 ^ \du 



(25) 



The overall holographic switching efficiency for the y 

polarised component of the field incident on the 1st SI*M 
is given by (equation 26) : 

n,r-^Kt\Kj (26) 
while the overall holographic switching efficiency for 
the orthogonal component of the field incident on the 1st 
SLM is given by (equation 27) : 

Now consider the hologram patterns, and let the local 
director angle, 6d(u) be expressed in terms of some 
fundamental repeating pattern, 9x(u) {equation 28) : 

00 

^'d(«) = ^i(«)* S^(-^-«o) (28) 

J=3-00 

Given that the intended or mean phase modulation on the 
1st SLM, 4>(^)/ depends on the local director angle 
(equations 1 and 7), then it must also show periodicity 
with the same period Q, as must any derivatives with 
respect to 9d(u) (equation 19). Therefore, taking into 
account the effects of off-normal incidence as in 
equations 20,21 etc, the net phase modulation will still 
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be periodic with the same period/ Hence we may define 
H*(u) such that (equation 29) : 



expr 



(29) 

where Uo is some (arbitrary) origin. This origin affects 
the phase, but not the magnitude, of the diffraction 
orders. The magnitude of a^i may be obtained in terms of 
H{u) using Fourier series analysis (equation 30): 



-oil 



(30) 



Similarly, let 0c (u) be the director angle on the 2nd 
hologram, and express it in terms of another fundamental 
repeating pattern, 82 (u ) (equation 31): 



(31) 



Therefore, using the same arguments as above, the phase 
modulation on the second SLM must also be periodic with 
period Q, and so we may define G~(u) such that (equation 
32) : 

(32) 

where ui is another arbitrary origin. Hence we may 
calculate the magnitude of b^2 (equation 33) : 



oil 



f C7-(«)exp+ (33 



If we let G"(u)=H"(-u) , and make the substitution u'=-u , 
it is clear that (equation 34) : 

ki|=|*-i2| (34) 
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Physically this may be achieved by making the repeating 
pattern 82 (u) on the second SLM equal to 0i(-u) on the 
first SLM, In which case (from equation ( 1) ) , ^q[u) ^ (|>(-u) 
as required. Now consider the other two amplitude 
coefficients. At the first SLM, define a periodic phase 
modulation H*(u), and use the same origin (equation 35): 



exp ii kn^d + ^u) + kdO^i^c 



y=-co 



hence we obtain bii (equation 36) : 



1V2 



•a/2 " 



(36) 



Now, at the second SLM define a periodic phase modulation 
G*(u), to obtain aj.2 (equation 31, 38): 



expj 
(37) 

(38) 



J=s-oO 



^2 



J G*(w)exp+i— -^fifa 
-0/2 " 



Again, as we have already chosen that (equation 39) 

^2(w) = ^i(-w) (39) 
then, automatically, <|>c(u) = <K-u} , in which case 

G*(u)«H*(-u) , and therefore (equation 40) 

l*il| = k-£2| (40) 
Combining (36) and (40) we may obtain (equation 41) ; 

\^Lih-l2\^\hlP^L2\ (41) 



Hence, if the basic periodic patterns on the two SLMs are 
chosen to satisfy (39), and the angle of incidence is 
such that the Poynting vector of the light incident on 
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the first SLM, and leaving the second SLM, is in the 
plane of tilt of the director {in this case the xOz 
plane), the overall switch efficiencies can become 
polarisation-independent (equation 42) : 

7or = 7oAZ (42) 

Note that this analysis neglects the change in beam 
direction between holograms due to diffraction-induced 
beam-steering. This may create some polarisation- 
dependent loss, but it is expected that the configuration 
described is still the optimum, as it cancels the 
polarisation-dependence of the system as a whole due to 
the angle of incidence. 

Given that the two orthogonal components perceive 
different phase modulation at each plane, the holograms 
must be designed that the worst-case unwanted diffraction 
orders do not cause unacceptable crosstalk. 

There have thus been described devices and systems for 
optical switching which are polarisation insensitive. 
Embodiments of the invention as described are capable of 
high performance in respect of cross talk. 
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Claims 

1. A switch comprising an integrated spatial light 
modulator for receiving light of a predetermined 
wavelength, the modulator comprising a liquid crystal 
layer spaced from a second layer by a layer having an 
optical retardance of an odd integer number of quarter- 
waves of said wavelength, wherein the second layer is 
reflective of said light of said wavelength. 

2. The switch of Claim 1, wherein said liquid crystal 
layer is a nematic crystal layer. 

3. The switch of claim 1 wherein said liquid crystal 
layer is a w-cell. 

4. The switch of Claim 1 or 2^ wherein the second layer 
is a metallic layer* 

5. The switch of Claim 3 wherein the metallic layer is 
of Aliaminium. 

6. The switch of any preceding claim wherein said 
wavelength is 1.57 \m 

7. A switch comprising an integrated spatial light 
modulator for receiving light of a predetermined 
wavelength/ the modulator comprising a liquid crystal 
cell having a pair of opposed and mutually substantially 
parallel end plates disposed substantially parallel to an 
axial plane, and spaced apart by a liquid crystal layer 
providing a director angle tilt in a tilt plane 
substantially orthogonal to said axial plane, said liquid 
crystal being spaced from a second layer by an optical 
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layer having a retardance of an odd integer number of 
quarter-waves of said wavelength, wherein the second 
layer is reflective of said light of said wavelength, and 
the optical layer being disposed with respect to said 
tilt plane such that light polarised in said tilt plane 
returns through said liquid crystal layer polarised 
substantially orthogonal to said tilt plane. 

8. The switch of Claim 1, wherein said liquid crystal 
layer is a nematic crystal layer. 

9. The switch of claim 7, wherein said liquid crystal 
layer is a w-cell. 

10 The switch of any of claims 7-9, wherein the second 
layer is a metallic layer. 

11. The switch of Claim 10 wherein the metallic layer is 
of Aluminium. 

13. The switch of any preceding claim, wherein the 
modulator has a glass cover disposed over said liquid 
crystal layer, and the metallic layer has a connection to 
driving circuitry for switching the modulator. 

14, A method of switching a light beam having a first 
component polarised in a first direction and a second 
component polarised in a second direction orthogonal to 
the first, the method comprising providing a device 
having a liquid crystal layer and an integral optical 
retardance, the liquid crystal being responsive to a 
variable drive voltage to provide a corresponding 
variation in director angle tilt; and further comprising: 
applying a variable drive voltage to said liquid crystal 
device; applying said beam to said liquid crystal device 
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to provide an intermediate beam having a variable phase 
delay applied to said first component and an at least 
substantially fixed phase delay to said second component; 
by said retardance, rotating the polarisation of said 
intermediate beam; applying the resultant light to said 
liquid crystal device whereby a component of said 
resultant light polarised in said first direction 
receives said variable phase delay and a component of 
said resultant light polarised in said second direction 
receives said at least substantially fixed phase delay. 

15- The method of Claim 14 wherein the rotating step 
comprises rotating said polarisation through 90 degrees 
whereby at least substantially equal amounts of variable 
phase delay are applied to each of said first and second 
components . 

16. The method of claim 15 wherein the rotating step 
comprises a step of reflecting said intermediate beam 
back along its incoming path. 

17. An optical switch comprising a plurality of input 
optical fibres for providing plural input light beams, a 
plurality of optical receivers for receiving output light 
beams, a first and a second reflective spatial light 
modulator, and drive circuitry for forming a respective 
plurality of switching holograms on each spatial light 
modulator, said holograms being selected to couple each 
said input optical source to a respective desired optical 
receiver, wherein each spatial light modulator 
incorporates a liquid crystal device for modulating the 
phase of light travelling through said liquid crystal 
device, a reflector device for returning light back 
through said liquid crystal device and a device, disposed 
between said liquid crystal device and said reflector 
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device, for rotating the polarisation of light by 90 
degrees, wherein the optical switch has an axis of 
symmetry and the spatial light modulators are disposed on 
opposite sides of said axis, each said switching hologram 
on said first spatial light modulator being operative to 
deflect said input light beams to said switching 
holograms on said second spatial light modulator and each 
said switching hologram on said second spatial light 
modulator being operative to deflect said light beams to 
a respective optical receiver. 

18. The switch of Claim 17, wherein each said input 
optical fibre is directed towards a respective switching 
hologram on said first spatial light modulator, and each 
said optical receiver comprises an output optical fibre, 
wherein each output optical fibre is directed towards a 
respective switching hologram on said second spatial 
light modulator. 

19 • The switch of Claim 17 or 18 wherein the first and 
second spatial light modulators are disposed such that a 
respective zero-order beam reflected from each switching 
hologram on said first spatial light modulator is 
incident on a respective switching hologram on said 
second spatial light modulator. 

20. The switch of any of claims 17-19 wherein a half 
wave plate is disposed between said first and second 
spatial light modulators. 

21. The switch of claim 17 wherein the switching 
holograms are spaced apart on said first and second 
spatial light modulators and the first and second spatial 
light modulators are disposed such that a respective 
zero-order beam reflected from each switching hologram on 
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said first spatial light modulator is incident on a 
spacing between two adjacent switching holograms on said 
second spatial light modulator. 

22. The switch of any of Claims 17-21 and further 
comprising respective optical systems disposed between 
said input fibres and said first spatial light modulator 
and between said output fibres and said second spatial 
light modulator, wherein each said optical system 
comprises two confocal lenses, the input and output 
fibres being disposed in respective planes and a focal 
plane of a first lens of each optical system coinciding 
with the plane of the associated fibres. 

23. The switch of any of claims 17-22 wherein the input 
and output fibres are disposed in respective planes and 
the optical switch further comprises respective arrays of 
microlenses, said microlenses being disposed in front of 
each fibre plane such that each microlens corresponds to 
a respective fibre, and respective optical systems 
disposed between said input fibres and said first spatial 
light modulator and between said output fibres and said 
second spatial light modulator, wherein each said optical 
system comprises two confocal lenses, and a focal plane 
of a first lens of each optical system coinciding with 
the output focal plane of the associated microlens array. 

24. The switch of Claim 22 or 23 wherein said optical 
fibres are thermally expanded core (TEC) fibres. 

25. The switch of claim 17 wherein the first and second 
spatial light modulators are mutually offset so that no 
zero order beams from the first spatial light modulator 
is incident on the second spatial light modulator. 
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26. The switch of claim 25, and further comprising at 
least one optical receiving element disposed in a region 
receiving said zero-order beams from said first spatial 
light modulator, whereby input signal may be monitored. 

21. The switch of claim 26 wherein the or each element 
is a fibre, 

28. The switch of any of Claims 17 -27 wherein each 
switching hologram provides a repeating pattern on its 
spatial light modulator, whereby the repeating patterns 
on the two SLMs satisfy the relation: 

where 02 {u) is the repeating pattern on the second SLM and 
Gi(-u) is the repeating pattern on the first SLM, and the 
angle of incidence is such that the Poynting vector of 
the input light beam incident on the first SLM, and of 
the light beams leaving the second SLM, is in the plane 
of tilt of the director. 

29. The switch of any of claims 17-28 wherein the output 
fibres are secured together in an array by a glue 
containing black pigment to attenuate misaligned light. 

30. The switch of any of claims 17-29 wherein the output 
fibres are secured together to form an array and the 
spacing between the fibres of the array is occupied by 
interstitial fibres which serve to accept and guide away 
cross talk from the switching zone. 
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likelihood that a reasonaUe Examiner would consider it important in dedding whetha- to allow ^e 
appiication to issue as a patent, and 

[ ] in con^>liance with this duty, there is attadied an informati<m disclosure statemmt, in acccH-dance with 37 
CFR L98. 

PRIORITY CLAIM (35 U.S.C § 119(aHd)) 

I hereby claim foreign priority benefits undo: Title 35, United States Code, § 119(aHd) of any foreign 
application(s) fca* patmi or invent<H^s certificate or of any PCT intematimal application(s) designating at least one 
country other than the United States of America listed below and have also identified below any fcH-eign application(s) 
for patent or inventor's c^ficate or any PCT international application(s) designating at least one country odier than 
the United States of America filed by me on the same {»d>ject matt^ having a filing date before that of the 
application($) of which priority is claimed. 

(complete (d^ or (e)) 

(d) [X ] no such applications have been filed. 
[ J such applications have been filed as follows 



nUOR FOREIGN/PCT APPLICATION(S), FILED WITHIN 12 MONTHS 
(6 MONTHS FOR DESIGN) PRIOR TO THIS APPLICATION 
AND ANY PRIORITY CLAIMS UNDER 35 U,S>C § 119(aHd) 



Country (or indicate if 
PCT) 


Application Numba* 


Date of Filing 
(day, month, year) 


PriOTity 
Claimed Under 37 use 
119 








□ yes nod 








□ YES NO □ 








□ yes NOD 



CLAIM FOR BENEFIT OF PRIOR U.S. PROVISIONAL APPLICATION(S) 

(34 U.aC§ 119(e)) 

I hereby claim the benefit under Title 35, United States Code, § 1 19(e) of any United States provisional 
application(s) listed below: 

PROVISIONAL APPLICATION NUMBER FILING DATE 



CLAIM FOR BENEFIT OF PRIOR U.& PROVISIONAL APPUCATION(S) 

UNDER 35 120 



[ ] The claim for the benefit of any such applications are set forth in the attached ADDED PAGES TO 
COMBINED DECIJ^TION AND POWER OF ATTORNEYFORDIVISIONAL, CONTINUATION OR 
CONTINUATION-IN-PART (CIP) APPLICATION. 

ALL FOREIGN APPLICATION(S), IF ANY, FILED MORE THAN 12 MONTHS 
(6 MONTHS FOR DESIGN) PRIOR TO THIS UJS. APPLICATION 

PCT/GB00/Q3796 GBg923428.g 



[ 1 Attached, as part ofthisdeclaration and pow«-ofattom^, is the authorization of the above-named attomey(s) 
to accq)t and follow instructions from my representatives). 



CONTINUATION-IN-PART 

(complete this part ordy if this is a continuation-inrpart explication) 

I herein claim thebenefit under Title 35, United States Code, § 120 of any United States application(s) listed below 
and, msofer as the subject matter of eadi of the claims of this application is nc^ disclosed in the prior United States 
application in the manner provided by the first paragraph of Title 35, United States Code, § 1 12, 1 aclcnowledge the 
duty to disclose matmal information as defined in Title 37, Code of Federal Regulations, § L56(a) which occurred 
betweai the filing ^te of the jaior applicatira and the national or PCT intmiational filing date of this applicatira 



(Appiicatipn Serial No.) (Filii^Date) (Status) (patented, pending, abandc^ 



POWER OF ATTORNEY 

As a named inventor, I hereby appoint ALLSTON L. JONES Reg. No. 27.906, HOWARD M. PETER S Ree No 
29^ HANAVERNY Reg. No. 30.518, and SUSAN SCHMITT Reg. No. 34»427, all of the address listed Slow' 
my pnncipal attorney and agents, with fiill power of substitution and revocation, to appoint other principal and 
assocmte attorneys, to prosecute Ais application, and to transact all business m tfie Patent and Tradanark Office 
connected therewith. 



SEND CORRESPONDENCE TO: 

AUston L . toig^ 

PETERSCV ERNY. jpN^ & SOHMITT, L*L.R 
385 Sherman A venue, Suite 6 
Palo Alto^ CA. 94306- 1 840 
Telephone No.: (650)324-1677 



DECLARATION 



I hereby declare that all statements made herem of my own knowledge are true and that all statements made 
on information and belief are believed to be true; and further that these statements were made with the knowledge 
that willful false statements and the like so made are punishable by fine or imprisonment, or both, under Section 
1001 of Title 18 of the United States Code, and that such willfiil false statements may jeopardize the validity of 
the application or any patent issued thereon. 

Full Name of sole or first inventor HEQSSLAND, William 

Inventor's signature 

Date IStS E^^V Country of Citizenship UNITED KINGDOM 

Residence Odd Spot, 15 School Lane, Harlow, Essex, CM20 SQD, United Kingdom (Cj^/V 

Post Office Address University of Cambridge Engineering Department, Trumpington Street, Cambridge, CB2 
IPZ, United Kingdom 

Full Name of second jomt inventor HOLMES. Melanie 



Inventor's signature /HMccA/it^ j-^l^es 



Date KfU. M£(n4\^ lm)t Country of Citizenship UNITED KINGDOM y 

Residence The Forge, The Street, Brundish, Woodbrid^^ Suffolk, IP13 8BL, United Kingdom W 3pAJ 
Post Office Address 39 Orford Street, Ipswich, IPX 3PE, United Kii^dom 

Full Name of third joint inventor MANOLIS, Bias 
Inventor's signature 



Date k'^'^ fda^r^L ^Ooi Country of Citizenshi p GREECE 
Residence NeaFigalja. OJbaBpiaJIkia&, GR-270 56, Greece ^ 



Post Office Address University of Cambridge Engineering Department, Trumpington Street, Cambridge, CB2 
IPZ, United Kingdom 



CHECK PROPER BOX(ES) FOR ANY ADDED PAGE(S) FORMING A PART OF THIS DECLARATION 
(X ) Signature for fourth and subsequent joint inventors. Number of pages added 1_^. 
( ) Signature by administor(trix), executor(trix) or legal representative for deceased or mcapacitated 
inventor. Number of pages added 

( ) Signature for inventor who refuses to sign or cannot be reached by person authorized under 37 C.F.R. 
1.47. Niunber of pages added . 



ni. 



Full Name of fourth joint invento cWILKINSQN, Timoti^ 
Inventor's signature _ 

Date 3l(tZ^ Country of Citizenship NEW ZEALAND 




Residence Jesus College, Cambridge. CB5 8BL, United KingdoniCCIj^/\/ 



Post Office Address University of Cambridge Engineering Department, Trumpington Street, Cambridge, CB2 
IPZ, United Kingdom 



Full Name of fifth joint inventor RgDMQND, Maura 



Inventor's signature (.MjU^^ ^gg^/UUM) 



Date I ?>/o2L, Country of Citizenship UNITED KINGDOM 

Residence 24 Thornton Road, Girto n. Cambridge, CB3 ON W, United Kingdom C^j^/v " 
Post Office Address University of Cambridge Engineering Department, Trumpington Street, Cambridge, CB2 
IPZ, United Kingdom 



Full Name of sixth joint inventor ROBERTSON, Briap^ 
Inventor's signature _ 



Date ISt^ ^Ai>xrxX ^.oo'Z Country of Citizenship UNITED KINGDOM . 

Residence c/o Raymond Robertson, 75 Poplar Avenue^ Hove, g^t Sussex^ BN3 8PT. United Kingdom [jy^J j 



Post Office Address University of Cambridge Engineering Department, Trumpington Street, Cambridge, CB2 
IPZ, United Kingdom 
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